Traumatic brain injury (TBI) is a serious health care burden, representing the most common cause of trauma‐related death and disability in industrialized countries, with an annual incidence of 295/100,000 people.[1](#ana25458-bib-0001){ref-type="ref"} Mechanical force to the brain not only causes tissue damage, but is also a trigger for delayed neuronal cell loss.[2](#ana25458-bib-0002){ref-type="ref"}, [3](#ana25458-bib-0003){ref-type="ref"} Multiple mechanisms have been investigated to limit secondary brain damage; however, little is known regarding the role of clot formation and resolution.

The formation of microclots and vascular occlusion is a frequent event after brain injury.[4](#ana25458-bib-0004){ref-type="ref"} In vivo studies have demonstrated pericontusional microclot formation as early as 1 hour after insult.[5](#ana25458-bib-0005){ref-type="ref"}, [6](#ana25458-bib-0006){ref-type="ref"} To prevent the overshooting of clot formation, proper fibrinolysis by plasminogen activators is required. Recent data obtained from urokinase plasminogen activator (uPA)‐deficient mice have shown an impairment of thrombolysis, with enhanced post‐traumatic motor dysfunction and tissue damage.[7](#ana25458-bib-0007){ref-type="ref"} In addition, tissue‐type plasminogen activator (tPA) knockout mice show impaired long‐term recovery of white matter and neurological function after experimental TBI,[8](#ana25458-bib-0008){ref-type="ref"} whereas the activation of tissue‐type plasminogen activator (tPA) and uPA causes intracerebral hemorrhage after experimental brain trauma.[9](#ana25458-bib-0009){ref-type="ref"}

The key regulator of plasmin‐mediated fibrinolysis is plasminogen activator inhibitor‐1 (PAI‐1), which is a member of the serine protease inhibitor (serpin) superfamily. PAI‐1 facilitates local homeostasis by maintaining a tight balance between clot formation and clot lysis. The mechanical destruction of brain parenchyma causes vascular rupture, the release and presentation of tissue factor, and the initiation of the clot formation process.[10](#ana25458-bib-0010){ref-type="ref"} At the same time, tPA is released from the injured endothelium[11](#ana25458-bib-0011){ref-type="ref"} to limit the overshooting of clot formation and to prevent vascular occlusion. The binding partners of PAI‐1 are the active centers of tPA and uPA,[12](#ana25458-bib-0012){ref-type="ref"} which form a reversible Michaelis complex. Upon binding, structural changes and the irreversible inactivation of PAI‐1 occur by folding the reactive center loop into the β‐sheet A.[13](#ana25458-bib-0013){ref-type="ref"} PAI‐1 has been found to be present in plasma and various tissues and cell types, including the vascular endothelium, liver, adipose tissue, neutrophils, astrocytes, and platelets.[14](#ana25458-bib-0014){ref-type="ref"}, [15](#ana25458-bib-0015){ref-type="ref"}, [16](#ana25458-bib-0016){ref-type="ref"}, [17](#ana25458-bib-0017){ref-type="ref"} PAI‐1 is released upon inflammatory stimuli via interleukin (IL)‐1[18](#ana25458-bib-0018){ref-type="ref"} as well as tumor necrosis factor (TNF)‐α.[19](#ana25458-bib-0019){ref-type="ref"}

The clinical importance of PAI‐1 has been highlighted in pathologies associated with ischemia, inflammation, and vascular dysfunction.[20](#ana25458-bib-0020){ref-type="ref"}, [21](#ana25458-bib-0021){ref-type="ref"} High PAI‐1 plasma levels are both a risk factor[22](#ana25458-bib-0022){ref-type="ref"} and a negative predictor of survival[23](#ana25458-bib-0023){ref-type="ref"} after ischemic stroke. In a previous study, we recently showed that genetic PAI‐1 deficiency reduces brain damage after experimental ischemic stroke.[21](#ana25458-bib-0021){ref-type="ref"} Increased levels of PAI‐1 are also present in patients after head injury,[24](#ana25458-bib-0024){ref-type="ref"} where it reaches 80% of PAI‐1 plasma activity in the cerebrospinal fluid and is associated with poor outcome.[25](#ana25458-bib-0025){ref-type="ref"} The tPA:PAI‐1 complex enhances post‐traumatic damage due to matrix metalloproteinase‐3--dependent proteolytic degradation of the neurovascular unit.[26](#ana25458-bib-0026){ref-type="ref"} However, PAI‐1 is also considered to mediate neuroprotective effects in brain tissue through the activation of the MAPK/ERK (mitogen‐activated protein kinases/extracellular signal‐regulated kinases) pathway.[27](#ana25458-bib-0027){ref-type="ref"} Accordingly, the intracerebral application of PAI‐1 has been shown to be protective in a model of neonatal cerebral hypoxia.[28](#ana25458-bib-0028){ref-type="ref"}

Knowledge regarding the role of fibrinolysis after head injury and specifically how PAI‐1 acts as a modulator of coagulopathy after TBI is scarce. Therefore, the present study was designed to address this issue through a genetic approach and by utilizing pharmacological stimulation and inhibition of PAI‐1 in an experimental murine model of TBI.

Materials and Methods {#ana25458-sec-0006}
=====================

*Animals* {#ana25458-sec-0007}
---------

Male C57Bl/6 N (Charles River Laboratory, Sulzfeld, Germany), PAI‐1 deficient mice (JAX Mice and Services; Jackson Laboratory, Bar Harbor, ME)[29](#ana25458-bib-0029){ref-type="ref"} and corresponding wild‐type C57Bl/6J mice (Charles River Laboratory) were used in this study. The care of animals before and during the experiments was performed in compliance with institutional and national guidelines. The animal ethics committee of the Landesuntersuchungsamt Rheinland‐Pfalz approved all the experiments (protocol number 23177‐07/G10‐1‐024).

*Traumatic Brain Injury* {#ana25458-sec-0008}
------------------------

TBI was performed as described previously.[30](#ana25458-bib-0030){ref-type="ref"} A pneumatic brain trauma was induced on the right parietal cortex on the dura‐covered brain via controlled cortical impact (CCI; 1.5 mm displacement). After the injury, mice recovered in their individual cages for 2 hours in a humidity‐ and temperature‐controlled incubator (IC8000; Draeger, Lübeck, Germany).

*Drug Preparation* {#ana25458-sec-0009}
------------------

PAI‐039 (Tiplaxtinin; Axon Medchem, Groningen, the Netherlands) was dissolved in dimethylsulfoxide (DMSO; Sigma‐Aldrich, St Louis, MO) and diluted with normal saline to 0.5% DMSO. The vehicle solution (0.5% DMSO) or PAI‐039 (1 mg/kg) was injected subcutaneously twice at 30 minutes and 6 hours after trauma to ensure a sufficient concentration of PAI‐039.[31](#ana25458-bib-0031){ref-type="ref"}

Tranexamic acid (Fagron, Barsbüttel, Germany) was freshly dissolved before use. The vehicle solution (0.5% DMSO) or tranexamic acid (0.5 g/kg) was injected subcutaneously 30 minutes after trauma.

*Neurological Severity Score* {#ana25458-sec-0010}
-----------------------------

Before and after CCI, an investigator blinded to the experimental groups determined the functional outcome using a 15‐point neurologic severity score ranging from 0 (healthy, successful in all tasks) to 15 (severely impaired) points.[32](#ana25458-bib-0032){ref-type="ref"}

*Histological Evaluation* {#ana25458-sec-0011}
-------------------------

Brains were carefully removed from isoflurane‐anesthetized animals (Abbott, Wiesbaden, Germany), were immediately frozen in powdered dry ice, and were stored at −20°C. The brain contusion area was determined in 10 μm‐thick sections stained with Cresyl violet as described.[33](#ana25458-bib-0033){ref-type="ref"}

*Gene Expression Analysis* {#ana25458-sec-0012}
--------------------------

Between histologic slices of 500 μm intervals, tissue samples were collected of the right upper quadrant containing the lesion core and the perilesional tissue, were snap frozen in liquid nitrogen, and were stored at −80°C. RNA isolation (RNeasy Lipid Tissue Mini Kit; Qiagen, Hilden, Germany), DNAse treatment, reverse transcription (QuantiTect Reverse Transcription Kit; Qiagen), and real‐time polymerase chain reaction (PCR) were performed as described.[34](#ana25458-bib-0034){ref-type="ref"} Absolute copy numbers of target gene mRNA expression were normalized by the absolute number of housekeeping gene copy numbers (cyclophilin A, *PPIA*) as described previously.[35](#ana25458-bib-0035){ref-type="ref"}

*Isolation of Brain Endothelial Cells* {#ana25458-sec-0013}
--------------------------------------

The isolation of brain endothelial cells (EC) was performed using Dynabeads (Invitrogen, Darmstadt, Germany) as described previously.[36](#ana25458-bib-0036){ref-type="ref"} Pericontusional brain tissues (total weight = 0.2--0.3 g) were pooled (2 brains) from naive animals and at 6, 24, and 72 hours after CCI. Before isolation, pellets were resuspended in 1 ml ice‐cold Hank balanced salt solution, and one 100 μl sample was taken for quantitative PCR (qPCR) analysis of the total brain (TB) sample. From the residual 900 μl homogenate, endothelial cells were isolated using PECAM‐1 antibody (ab32457‐100, GR18226‐1; Abcam, Cambridge, UK)‐bound Dynabeads (122.03D, M280, goat, Invitrogen). TB samples and brain endothelial fractions were lysed in mRNA‐lysis buffer and were stored at −80°C before mRNA isolation, cDNA transcription, and qPCR analysis.

*Immunostaining of Claudin‐5, CD41, and Iba‐1* {#ana25458-sec-0014}
----------------------------------------------

Immunostaining was performed in frozen brain sections as described previously using the following primary antibodies[37](#ana25458-bib-0037){ref-type="ref"}: monoclonal rat anti‐CD41 (LS‐C44479; Biozol, Eching, Germany; dilution 1:100), polyclonal rabbit anti--claudin‐5 (34‐1600, Zymed/Invitrogen, dilution 1:100), and anti--Iba‐1 (1:500; Wako Chemicals, Neuss, Germany). The secondary Alexa Fluor--conjugated antibodies were as follows: Alexa Fluor 594 goat antirat IgG (A11007, Invitrogen, 1:200) and Alexa Fluor 488 donkey antirabbit IgG (A21206, Invitrogen, 1:200). Images of fluorescent immunohistochemical staining were captured using equal filter and acquisition parameters to assure comparable conditions. Claudin‐5 and CD41 images were captured with a confocal laser‐scanning microscope (TCS SP5; Leica, Wetzlar, Germany). The number of Iba‐1 microglia/macrophages were determined within the perilesional brain tissue. Images were acquired by conventional fluorescence (AxioVert200; Carl Zeiss, Oberkochen, Germany) and were processed for quantification using ImageJ software (NIH Image, Bethesda, MD) with the appropriate threshold settings for background subtraction and particle count plugin (Iba‐1, 20--1,000 pixel units).

*TUNEL Staining* {#ana25458-sec-0015}
----------------

TdT‐mediated dUTP‐biotin nick end labeling (TUNEL) staining was performed in cryostat sections according to the manufacturer\'s instructions (in situ cell death detection kit; Roche Molecular Biochemicals, Indianapolis, IN; Cat \# 1168480991) in combination with 4′,6‐diamidino‐2‐phenylindole solution (0.5 μg/ml in phosphate‐buffered saline). Images of the ipsilesional dentate gyrus were taken from 1 section per brain at bregma −2.36 mm according to the Mouse Brain Library Atlas using a × 20 objective. The number of TUNEL‐positive nuclei was counted by an investigator blinded to group allocation in the region of interest (ROI), encompassing the upper and lower blades of the granule cell layer and the hilus of the hippocampal dentate gyrus.

*Immunoblotting of αII‐Spectrin Fragments* {#ana25458-sec-0016}
------------------------------------------

Immunoblotting was performed as described previously[38](#ana25458-bib-0038){ref-type="ref"} using the anti--αII‐spectrin antibody (1:500 dilution; Enzo Life Sciences, Farmingdale, NY) and IRDye 800CW goat antimouse antibody (1:15,000 dilution; LI‐COR Biosciences, Lincoln, NE). All results were normalized to glyceraldehyde‐3‐phosphate dehydrogenase expression. The Odyssey system (LI‐COR Biosciences) was used to perform detection and quantification.

*PAI‐1 Activity Assay* {#ana25458-sec-0017}
----------------------

Intracardiac blood samples were collected from isoflurane‐anesthetized animals. The blood samples were collected in 0.5 ml citrate microtubes (0.106 mol/l trisodium citrate solution; Sarstedt, Nümbrecht, Germany), centrifuged at 1,500 × *g* for 10 minutes at 4°C, and the plasma was stored at −20°*C. PAI*‐1 activity assays were performed according to the manufacturer\'s instructions (Cat \# 400055 MPAIKT; Loxo, Dossenheim, Germany).

*Intravital Microscopy of Microclots* {#ana25458-sec-0018}
-------------------------------------

Intravital microscopy (IVM) and the analysis of microcirculatory parameters were performed as described previously.[6](#ana25458-bib-0006){ref-type="ref"} The intravenous injection of the fluorescent plasma marker fluorescein isothiocyanate--dextran (100 μl of a 0.5% solution, Sigma‐Aldrich) illustrated the microvessels and platelets, which were visualized by intravenous injection of 50 μl of a 0.02% solution of the fluorescent dye rhodamine 6G (Merck, Darmstadt, Germany) before each measurement. IVM images of the overall 20 vessels per group were analyzed for the number of microthrombi by frame‐by‐frame analysis at a total magnification of ×625 with a computer‐assisted microcirculation analysis system (Capimage; Dr Heinrich Zeintl Ingenieurbüro, Heidelberg, Germany). The occurrence of microthrombi in the ROI was categorized as none, moving, and fixed at 15 minutes pre‐CCI, 15 minutes post‐CCI, and 120 minutes post‐CCI. In addition, cerebral blood flow velocity in the perilesional cortical brain vasculature was quantified by categories (0 = no or reversed flow, 1 = slow flow, 2 = reduced flow, 3 = normal flow).[6](#ana25458-bib-0006){ref-type="ref"}

*Statistics* {#ana25458-sec-0019}
------------

All experiments were randomized and performed by blinded investigators (computer‐based randomization). To determine the required sample size, an a priori power analysis using G\*Power was performed using lesion volume data from previously published studies.[39](#ana25458-bib-0039){ref-type="ref"} This analysis was performed to determine an effect size of 0.7, standard statistical power (1 − β) of 0.95, and a significance level (α) of 0.05. Prism 8 statistical software (GraphPad, La Jolla, CA) was used to perform statistical analysis. Prior to analysis, we checked the test assumptions. Due to the limited power in small samples, we did not perform formal goodness‐of‐fit tests prior to the *t* test or analysis of variance (ANOVA), but instead relied on the graphical assessment of distribution characteristics.[40](#ana25458-bib-0040){ref-type="ref"} Normality was checked by inspecting the unimodality and symmetry of histograms, as well as by Q‐Q plots. The equality of variances was checked by inspecting histograms and standard deviations. For comparison of multiple independent groups, 1‐way ANOVA with post hoc Holm--Šidák comparisons test (comparisons between all groups) or Dunnett multiple comparisons test (comparisons to group of naive animals only) was employed. To evaluate group differences in repeated‐measurements from the same animals (neurological function, clot formation, cerebral perfusion), repeated measures 2‐way ANOVA was applied (factors: treatment and time), followed by Šidák multiple comparisons test. Comparisons between 2 independent groups were carried out by the Welch *t* test. Supplementary Table [2](#ana25458-supitem-0002){ref-type="supplementary-material"} shows details on the applied tests for each set of experiments. Values of *p* \< 0.05 were considered significant. Data are presented as the mean ± standard deviation.

Results {#ana25458-sec-0020}
=======

*TBI‐Induced Expression of the Plasminogen Activators tPA and uPA Is Followed by the Induction of PAI‐1 Expression in Brain EC and Increased Plasma Activity* {#ana25458-sec-0021}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

The mRNA expressions of tPA, uPA, and their endogenous blocker PAI‐1 were determined in naive animals and pericontusional tissue at 15 minutes and 3, 6, 12, and 24 hours postinjury (n = 6 each; 12 and 24 hours, n = 5 each; Fig [1](#ana25458-fig-0001){ref-type="fig"}A--C). Our results demonstrated an early increase of tPA (2‐fold) and uPA (2.6‐fold) expression within 3 hours after insult compared with naive animals (*p* \< 0.0001 each). PAI‐1 mRNA expression increased about 22‐fold at 3 hours after injury, reached a 305‐fold maximum 12 hours after CCI (vs naive, *p* \< 0.0001; see Fig [1](#ana25458-fig-0001){ref-type="fig"}C), and remained elevated until 24 hours postinsult (202.5‐fold, *p* = 0.01). To determine brain endothelial PAI‐1 mRNA expression, EC were purified from pericontusional tissue and were compared with TB lysates of the same animals (6, 24, and 72 hours post‐CCI; n = 2 naive and n = 4 pooled samples per group, pooled from 2 animals each). PAI‐1 levels increased 2‐fold in the TB tissue fraction from 6 hours to 24 hours postinjury. Seventy‐two hours after injury, PAI‐1 expression dropped to the expression levels observed at 6 hours after TBI. In brain EC, PAI‐1 mRNA expression levels were higher compared with those in TB lysates (see Fig [1](#ana25458-fig-0001){ref-type="fig"}D). At 6 hours after trauma, endothelial PAI‐1 mRNA expression was 3‐fold higher compared with TB lysates (*p* = 0.02 vs TB). At 24 hours after TBI, PAI‐1 mRNA expression levels in brain EC were similar to those in TB. However, 72 hours after TBI, PAI‐1 mRNA expression in endothelial brain cells increased again compared with TB samples (2.5‐fold, *p* = 0.02 vs TB). In summary, our data demonstrated an upregulation of PAI‐1 mRNA expression in response to TBI following the early post‐traumatic peak expression of the plasminogen activators at 3 hours after TBI. PAI‐1 expression peaked at 12 hours in pericontusional tissue and remained elevated up to 72 hours after TBI in EC, indicating a long‐lasting shift to an antifibrinolytic state on the vascular level.

![(A--C) Expressions of tissue‐type plasminogen activator (tPA), urokinase plasminogen activator (uPA), and plasminogen activator inhibitor‐1 (PAI‐1) were determined in naive and contused brain tissue samples (naive, 15 minutes, 3 hours, 6 hours, n = 6; contused, 12 hours, 24 hours, n = 5) and showed a moderate increase of tPA (2‐fold; A) and uPA (2.6‐fold; B) with a maximum at 3 hours postinjury. PAI‐1 was strongly upregulation with a 305‐fold peak at 12 hours postinsult (C). One‐way analysis of variance (ANOVA) was used with post hoc Dunnett multiple comparisons test. (D) Cerebrovascular PAI‐1 expression was determined in endothelial cells (EC) and total brain lysates (TB) from naive animals (n = 2 samples, each pooled from 2 animals) and 6, 24, and 72 hours postinjury (n = 4 samples per group, each pooled from 2 animals). PAI‐1 expression was 3‐fold at 6 hours and 2.5‐fold afterward in EC compared to TB. Welch *t* test was used. (E) Post‐traumatic PAI‐1 plasma activity increased in WT at 24 hours after injury, but was not detectible in PAI‐1--deficient mice (n = 9 each; naive, n = 7). One‐way ANOVA was used with post hoc Holm--Šidák comparisons test. (F) PAI‐039 reduced serum PAI‐1 activity compared to vehicle treatment (n = 9 each; naive, n = 7). Welch *t* test was used. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. PAI‐1^−/−^ = PAI‐1 knockout animals; PPIA = cyclophilin A; WT = wild‐type animals. Data are presented as mean ± standard deviation.](ANA-85-667-g001){#ana25458-fig-0001}

Next, post‐traumatic changes in the vascular system were determined and showed increased plasma PAI‐1 protein activity levels 24 hours after brain injury (*p* \< 0.0001, n = 9; see Fig [1](#ana25458-fig-0001){ref-type="fig"}E) compared with naive animals (n = 7). As expected, PAI‐1 activity was undetectable in PAI‐1--deficient mice (n = 9). PAI‐039 administration also inhibited the post‐traumatic activation of PAI‐1 (*p* = 0.01, n = 9 each; see Fig [1](#ana25458-fig-0001){ref-type="fig"}F).

mRNA expression analysis showed increased PAI‐1 levels in pericontusional tissue samples and in brain EC, along with elevated PAI‐1 plasma activity. These results suggest a shift in the endothelial--vascular milieu toward a procoagulatory state.

*PAI‐1 Inhibition Limits Secondary Lesion Expansion of Traumatized Brain Tissue* {#ana25458-sec-0022}
--------------------------------------------------------------------------------

Our mRNA expression and plasma activity data suggest that TBI‐induced PAI‐1 may impair fibrinolysis, thereby aggravating secondary brain lesions. To test this hypothesis, PAI‐1 protein activity was inhibited with the selective small molecule tiplaxtinin (chemical designation PAI‐039; 1 mg/kg, n = 9) 30 minutes and 6 hours after trauma induction. Brain damage was determined by volumetry, and was compared with the primary lesion 15 minutes after trauma (n = 7, separate set of animals), which allowed for the estimation of secondary brain damage. Accordingly, brain lesion volume increased from 14.2 mm^3^ at 15 minutes to 30.2 mm^3^ at 24 hours in vehicle‐treated mice (*p* \< 0.0001, n = 8). In contrast, the pharmacological inhibition of PAI‐1 with PAI‐039 reduced the secondary brain lesion to 23.4 mm^3^ (−42.5% of secondary brain damage) compared with vehicle (*p* = 0.004; Fig [2](#ana25458-fig-0002){ref-type="fig"}A). Then, histological slides were screened for intraparenchymal hemorrhage. Neither the vehicle nor treated animals showed any histological signs of intraparenchymal bleeding. To examine whether the observed effects were linked to PAI‐1, we subjected PAI‐1--deficient mice treated or mice treated not with PAI‐039 (n = 6 each) to TBI. In these experiments, PAI‐039 failed to reduce secondary brain damage and did not show any protective effects (see Fig [2](#ana25458-fig-0002){ref-type="fig"}B).

![(A) To determine the role of plasminogen activator inhibitor‐1 (PAI‐1), the specific small molecule PAI‐039 (1 mg/kg) was applied to pharmacologically block PAI‐1--mediated impairment of fibrinolysis. Treatment reduced secondary lesion volume at 24 hours postinsult compared to vehicle (PAI‐039, n = 9; vehicle, n = 8; primary lesion, n = 7). One‐way analysis of variance (ANOVA) was used with post hoc Holm--Šidák comparisons test. (B) To determine the specificity, PAI‐039 was administered to PAI‐1--deficient animals. In these mice, no difference was present between PAI‐039 and vehicle (n = 6 each). Welch *t* test was used. (C) As prove of principle, wild‐type (WT) or PAI‐1 knockout (PAI‐1^−/−^) animals were randomized to controlled cortical impact. Secondary lesion volume at 24 hours was significantly less in PAI‐1^−/−^ compared to control (PAI‐1^−/−^ and WT, n = 9; primary lesion, n = 7 each). One‐way ANOVA was used with post hoc Holm--Šidák comparisons test. (D) Inhibition of fibrinolysis by the antifibrinolytic drug tranexamic acid enhanced brain damage after trauma. The lesion size increased about 25% compared with vehicle (n = 7 each). Welch *t* test was used. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. Data are presented as mean ± standard deviation.](ANA-85-667-g002){#ana25458-fig-0002}

To confirm that PAI‐1 aggravated secondary brain lesion following TBI, PAI‐1--deficient and wild‐type mice were subjected to TBI (primary lesion groups, n = 7 each; 24‐hour groups, n = 9 each; see Fig [2](#ana25458-fig-0002){ref-type="fig"}C). In wild‐type animals, the brain lesion volume increased 2.3‐fold from 15 minutes (12.4 mm^3^) to 24 hours (28.1 mm^3^, *p* \< 0.0001). In contrast, the secondary brain lesion was significantly attenuated in PAI‐1--deficient animals (24.3 mm^3^, *p* = 0.02).

To discern whether the neuroprotective effects of genetic and pharmacological inactivation of PAI‐1 is related to the reversal of antifibrinolytic activity, the effect of antifibrinolytic tranexamic acid (which prevents plasmin from binding to and degrading fibrin) was investigated. To this end, 0.5 g/kg tranexamic acid or vehicle solution was administered 30 minutes after experimental TBI (n = 7 each; see Fig [2](#ana25458-fig-0002){ref-type="fig"}D). Brain lesion volume was determined at 24 hours after TBI, resulting in a 25% increase of lesion volume in tranexamic acid--treated animals compared with vehicle (*p* = 0.03). Our data show that antifibrinolytic treatment aggravates secondary brain damage after TBI, suggesting that the inhibition of PAI‐1 facilitates fibrinolysis.

*PAI‐1 Inhibition Limits Microvascular Thrombosis in Pericontusional Brain Tissue* {#ana25458-sec-0023}
----------------------------------------------------------------------------------

To study the formation of platelet aggregates following TBI, brain tissue sections were double‐immunolabeled with platelet integrin alpha‐IIb (CD41) and claudin‐5 as endothelial‐specific markers of the blood--brain barrier. At 24 hours after injury, CD41‐labeled platelet aggregates were found in pericontusional brain tissue (Fig [3](#ana25458-fig-0003){ref-type="fig"}). However, the great majority of aggregates were found to be perivascular, whereas intravascular aggregation was rarely observed, likely due to the post‐traumatic disintegration of the vessel structure.[41](#ana25458-bib-0041){ref-type="ref"}, [42](#ana25458-bib-0042){ref-type="ref"} In support of this notion, CD41‐labeled platelets were not detectable in the noninjured hemisphere contralateral to the lesion site. Although the reduction of CD41‐labeled platelet aggregates was suggestive in PAI‐1--deficient mice (see Fig [3](#ana25458-fig-0003){ref-type="fig"}B) and PAI‐039--treated animals (Fig [4](#ana25458-fig-0004){ref-type="fig"}B) compared with wild‐type (see Fig [3](#ana25458-fig-0003){ref-type="fig"}A) and vehicle‐treated (see Fig [4](#ana25458-fig-0004){ref-type="fig"}A) mice, we experienced technical constraints using perfused and fixed brain tissue, which prevented the reliable quantification of intravascular platelet aggregation.

![Fluorescence double staining of claudin‐5 (green) as an endothelial cell marker, and CD41 (red) as a platelet marker was performed to visualize accumulation of platelets in cerebral tissue after controlled cortical impact. At 24 hours after injury, the CD41 signal was stronger in the pericontusional brain tissue and colocalized with claudin‐5 (A). Less signal was present in plasminogen activator inhibitor‐1 knockout (PAI‐1^−/−^) mice (B), and CD41 fluorescence signal was barely detectible in the healthy contralateral hemisphere (C). WT = wild‐type animals.](ANA-85-667-g003){#ana25458-fig-0003}

![(A, B) To localize the accumulation of platelets in cerebral tissue after controlled cortical impact, fluorescence double staining with claudin‐5 (green) as an endothelial‐specific marker of the blood--brain barrier and CD41 (red) as a platelet marker was performed. At 24 hours after injury, the CD41 signal was strong in the pericontusional brain tissue and colocalized with claudin‐5 (A) in vehicle‐treated animals. Less signal was present in PAI‐039--treated mice (B). (C--E) In a separate set of experiments using intravital microscopy (n = 5 per group), we were able to confirm this finding and showed an increased number of microthrombi or vessel wall--bound clots in brain cortical vessels at 120 minutes postinjury. In contrast with vehicle‐treated animals, PAI‐039 treatment ameliorated clot formation (D). Repeated measures 2‐way analysis of variance was used, followed by Šidák multiple comparisons test. \*\*\**p* \< 0.001. ROI = region of interest; WT = wild‐type animals. Data are presented as mean ± standard deviation.](ANA-85-667-g004){#ana25458-fig-0004}

Because of this issue, we next performed additional experiments, in which mice were subjected to intravital microscopy to directly investigate and quantify platelet aggregation following TBI (n = 5 each; see Fig [4](#ana25458-fig-0004){ref-type="fig"}C--E). Because PAI‐039 proved to be a specific PAI‐1 inhibitor of potential therapeutic value, our experiments were focused on PAI‐039--treated and vehicle‐treated animals. Mice were imaged at 15 minutes pre‐TBI, and 15 minutes and 120 minutes after TBI. Whereas stable, on the vessel wall fixed microthrombi occurred in the vehicle group 120 minutes post‐CCI, no clot formation was detectable in PAI‐1--inhibited mice (*p* \< 0.0001; see Fig [4](#ana25458-fig-0004){ref-type="fig"}E). To determine whether cerebral perfusion was changed by PAI‐039 treatment, perfusion was investigated in normal perilesional cortical vasculature by using the cerebral perfusion categories (0--3). Cerebral perfusion was not different between the groups at 15 minutes before (vehicle, 3 ± 0; PAI‐039, 3 ± 0), 15 minutes after (vehicle, 2.9 ± 0.4; PAI‐039, 3 ± 0) and 120 minutes after (vehicle, 2.5 ± 1.1; PAI‐039, 2.6 ± 0.5) CCI.

*Influence of PAI‐1 Inhibition and Deficiency on Inflammatory and Apoptotic Markers* {#ana25458-sec-0024}
------------------------------------------------------------------------------------

Because intravital microscopy clearly showed that PAI‐1 inhibition via PAI‐039 prevented clot formation in the microvasculature after TBI, we assumed that restored fibrinolysis and the associated improved perfusion of brain tissue may modulate the inflammatory response and neuronal cell death.

To investigate whether PAI‐039 influences the expression of inflammatory marker genes, the mRNA expression of TNF‐α and IL‐1β was determined at 24 hours in pericontusional brain tissue (Fig [5](#ana25458-fig-0005){ref-type="fig"}A, B; PAI‐039, n = 9; vehicle, n = 8). TNF‐α expression increased within 15 minutes after insult. At 24 hours after insult expression, levels reached 20.3‐fold in vehicle‐treated animals. The expression levels in PAI‐039‐treated mice did not change (25.4‐fold increase). In contrast to TNF‐α, IL‐1β was not induced within 15 minutes, but showed significantly 2.4‐fold higher levels at 24 hours after insult in vehicle‐treated animals. In line with TNF‐α levels, IL‐1β expression was not influenced by PAI‐039 (3.3‐fold increase). These results are consistent with those in PAI‐1--deficient mice (see Fig [5](#ana25458-fig-0005){ref-type="fig"}C, D; n = 9 each). The expression of the inflammatory marker gene TNF‐α increased over time to 136.3‐fold (wild type) or 148.9‐fold (PAI‐1^−/−^) at 24 hours postinjury. Similarly, IL‐1β expression increased to 9.5‐fold (wild type) or 10‐fold (PAI‐1^−/−^) at 24 hours post‐CCI compared with naive animals. Likewise, the expression of inflammatory markers was not different between wild‐type and PAI‐1--deficient mice, indicating an inflammation‐independent modulation of lesion expansion.

![(A, B) The inflammatory marker genes tumor necrosis factor (TNF)‐α (A) and interleukin (IL)‐1β (B) increased over time with no difference between PAI‐039 and the vehicle group in pericontusional brain tissue (naive, n = 6; primary lesion \[15 minutes\], n = 7; vehicle, n = 8; PAI‐039, n = 9). (C, D) Similar regulation was observed in plasminogen activator inhibitor‐1 (PAI‐1)‐deficient animals for *TNF‐α* (C) and *IL‐1β* (D; naive, n = 6; primary lesion \[15 minutes\], n = 7 per group; wild type \[WT\] and PAI‐1 knockout \[PAI‐1^−/−^\], each n = 9). One‐way analysis of variance was used with post hoc Holm--Šidák comparisons test. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. PPIA, cyclophilin A. Data are presented as mean ± standard deviation.](ANA-85-667-g005){#ana25458-fig-0005}

To examine neuronal cell death after TBI, the dentate gyrus of the traumatized hemisphere was investigated by TUNEL staining (Fig [6](#ana25458-fig-0006){ref-type="fig"}A). Granule cells in this circumscribed anatomical region have been shown to degenerate in response to post‐traumatic hypoxia.[43](#ana25458-bib-0043){ref-type="ref"} The counting of TUNEL‐stained cells revealed a substantial decrease of apoptotic cells in PAI‐039--treated mice compared with the vehicle group by 29.8% (PAI‐039, 14 ± 3 cells/ROI; vehicle, 47 ± 8 cells/ROI; *p* \< 0.0001, n = 7 each). The detection of less DNA fragmentation indicates less apoptotic cell death signaling in PAI‐039--treated animals. To determine whether calpain‐dependent cell death is of key importance, we next performed immunoblotting of αII‐spectrin fragments in contused brain tissue (see Fig [6](#ana25458-fig-0006){ref-type="fig"}B; PAI‐039, n = 9; vehicle, n = 8). The 150 kDa αII‐spectrin breakdown product (SBDP150) was used as a marker for calpain‐dependent cell death.[44](#ana25458-bib-0044){ref-type="ref"} In this analysis, only a trend toward decreased SBDP150 levels was present in PAI‐039--treated animals. These results may suggest that other cell death mechanisms aside from calpain are attenuated by PAI‐1 inhibition.

![(A) The number of apoptotic cells (green) were visualized in TdT‐mediated dUTP‐biotin nick end labeling (TUNEL)‐stained slices of the ipsilateral dentate gyrus in vehicle or PAI‐039--treated animals. Fewer apoptotic cells were counted in TUNEL‐stained sections of PAI‐039‐treated animals (−29.8% vs vehicle, n = 7 per group scale bar = 75 μm). (B) To determine the role of calpain‐dependent cell death, 150kD αII‐spectrin fragments were quantified in contused brain tissue. The 150 kDa spectrin levels were not different between groups (PAI‐039, n = 9; vehicle, n = 8). Welch *t* test was used. \*\*\*\**p* \< 0.0001. GAPDH = glyceraldehyde‐3‐phosphate dehydrogenase; SBDP150 = 150 kDa αII‐spectrin breakdown product; ROI = region of interest. Data are presented as mean ± standard deviation.](ANA-85-667-g006){#ana25458-fig-0006}

*PAI‐1 Inhibition Reduces Functional Impairment and Delayed Brain Damage* {#ana25458-sec-0025}
-------------------------------------------------------------------------

To determine whether the observed reduction of brain damage at 24 hours postinsult translated into a persistent histological and neurofunctional effect at a delayed time point, we monitored the effects of pharmacological PAI‐1 inhibition over 5 days. At 5 days after trauma, brains were dissected and processed for Nissl staining and lesion volumetry. The brain lesion volume in PAI‐039--treated mice (n = 13) was significantly smaller (−43%, *p* \< 0.0001) compared with vehicle (n = 12; Fig [7](#ana25458-fig-0007){ref-type="fig"}). Neurocognitive deficits were tested with a neurofunctional score (0--15 points), and demonstrated a highly significant reduced impairment of PAI‐039 animals on testing days 1, 3, and 5 after injury compared with vehicle treatment. In line with our results indicating early inflammation‐independent effects of PAI‐1 inhibition, we did not observe any pharmacological effects on the mRNA expression of the proinflammatory markers IL‐1β and TNF‐α at 5 days after TBI. Accordingly, the number of perilesional Iba‐1--positive microglia/macrophages remained unchanged between PAI‐039--treated and vehicle‐treated mice. In summary, treatment with PAI‐039 significantly improved functional and histological outcomes after experimental TBI.

![(A) Long‐term effects were determined 5 days after brain injury (5 dpi) in male C57Bl6 mice treated with PAI‐039 (n = 13) or vehicle (n = 12). Lesion volumes were determined in Nissl‐stained sections and were significantly lower in PAI‐039--treated animals. Welch *t* test was used. (B) At postoperative days 1, 3, and 5, neurofunctional impairment was determined using a neurological severity score and demonstrated a significantly lower degree of impairment in PAI‐039--treated animals. Repeated measures 2‐way analysis of variance was used followed by Šidák multiple comparisons test. (C, D) Markers of cerebral inflammation were determined in these animals by quantitative polymerase chain reaction in lesioned brain tissue and failed to demonstrate an influence on interleukin (IL)‐1β (C) and tumor necrosis factor (TNF)‐α (D) mRNA levels. (E) The number of perilesional ionized calcium‐binding adapter molecule (Iba)‐1--positive microglia/macrophages was also not different between PAI‐039--treated and vehicle‐treated mice. Welch *t* test was used. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. PPIA = cyclophilin A; ROI = region of interest. Data are presented as mean ± standard deviation. \[Color figure can be viewed at [www.annalsofneurology.org](http://www.annalsofneurology.org)\]](ANA-85-667-g007){#ana25458-fig-0007}

Discussion {#ana25458-sec-0026}
==========

The findings of this study demonstrate that impaired fibrinolysis is a critical process in brain injury, with secondary brain damage and functional impairment attenuated by pharmacologic or genetic inhibition of PAI‐1 activity. The reduction of PAI‐1 plasma activity was shown to limit pericontusional cortical microclot formation as demonstrated by intravital microscopy. Our data further support the hypothesis that the inhibition of PAI‐1 reactivates the fibrinolytic pathway, preventing the shift to a procoagulatory state in the early phase after brain trauma and reducing the risk of microthrombosis in the cerebral microvasculature.

Following the mechanical destruction of the brain parenchyma, the rupture of the cerebral vasculature induces a series of pathophysiological events contributing to the progression of the primary lesion into surrounding healthy tissue. This secondary lesion expansion is enhanced further by platelet and leukocyte aggregation, which impairs cerebral blood flow and causes cerebral ischemia. Clot formation has been reported in injured humans as well as in experimental models.[6](#ana25458-bib-0006){ref-type="ref"}, [45](#ana25458-bib-0045){ref-type="ref"} In addition, platelet aggregation occurs in the early post‐traumatic period in hemorrhagic brain tissue,[5](#ana25458-bib-0005){ref-type="ref"} along with the pericontusional region, which leads to impaired cerebral perfusion.[6](#ana25458-bib-0006){ref-type="ref"} To limit the overshooting of clot formation and prevent vascular occlusion, tPA is released from the injured endothelium.[46](#ana25458-bib-0046){ref-type="ref"} Interestingly, an early peak of tPA/uPA expression was observed; however, this expression is counteracted by a 305‐fold upregulation of the endogenous inhibitor PAI‐1. To confirm the endothelial expression of PAI‐1, brain EC were isolated and analyzed for PAI‐1 expression. These cells were shown to have a high baseline expression of PAI‐1, with a 2‐fold increase from 6 to 72 hours postinjury. These data suggest that EC are a relevant source of PAI‐1 in our TBI model. However, TB lysates also showed a post‐traumatic induction of PAI‐1 expression, albeit on a lower scale. Therefore, brain parenchyma can be considered a putative source of PAI‐1, with astrocytes an important cell type showing increased PAI‐1 levels upon ischemia.[47](#ana25458-bib-0047){ref-type="ref"} Regarding the vascular route, both EC and platelets have been identified as key sources of PAI‐1 in pathological conditions and after stimulation with thrombin.[14](#ana25458-bib-0014){ref-type="ref"}, [46](#ana25458-bib-0046){ref-type="ref"} After acute myocardial infarction, elevated PAI‐1 plasma levels (particularly those observed in platelet‐rich clots) were associated with failing thrombolytic therapy.[48](#ana25458-bib-0048){ref-type="ref"} In the present study, PAI‐1 plasma activity was increased 24 hours after injury, supporting the hypothesis that endogenous PAI‐dependent fibrinolysis inhibition may counteract the increased tPA and uPA levels. In support of this notion, PAI‐1--overexpressing mice show increased infarct size in a model of thrombotic occlusion of the middle cerebral artery.[49](#ana25458-bib-0049){ref-type="ref"}

To clarify the in vivo role of PAI‐1 after TBI, PAI‐1 was inhibited with the selective small molecule PAI‐039 (tiplaxtinin).[31](#ana25458-bib-0031){ref-type="ref"} PAI‐039 inhibits both nonglycosylated and glycosylated PAI‐1 isoforms and interacts with free but not vitronectin‐bound PAI‐1.[13](#ana25458-bib-0013){ref-type="ref"} The application of PAI‐039 resulted in a significant reduction in active PAI‐1 plasma levels. Moreover, PAI‐039 application reduced brain lesion volume by 43% at 5 days after insult. This protective effect of PAI‐039 was not observed in PAI‐1--deficient animals. These findings provide evidence that the effects of PAI‐039 on brain lesions are mediated via PAI‐1.

The present results support the hypothesis that impaired fibrinolysis aggravates brain damage, and are in line with findings demonstrating accelerated lysis and the improved perfusion of microvessels through the inactivation of PAI‐1 in a model of platelet‐rich clot formation in rat mesenteric arterioles[50](#ana25458-bib-0050){ref-type="ref"} and in PAI‐1 deficient mice.[51](#ana25458-bib-0051){ref-type="ref"} In addition, several studies of diseases such as stroke or myocardial infarction have demonstrated that an increase in tPA:PAI‐1 complex formation is associated with impaired fibrinolysis.[52](#ana25458-bib-0052){ref-type="ref"}, [53](#ana25458-bib-0053){ref-type="ref"} In stroke, increased PAI‐1 activity appears to cause a hypercoagulable state and recurrent ischemic stroke.[54](#ana25458-bib-0054){ref-type="ref"} Immunohistological staining in contused brain tissue suggested pronounced clot formation in wild‐type and vehicle‐treated mice. Platelets were present in proximity to vessels, but not at all times were they intravascular. We ascribe this finding to the post‐traumatic impairment of blood--brain barrier integrity, which was also observed in rat CCI. In this model, thrombosis was shown to have a peak at 1 to 4 days after injury, and to be intravascular in the lesion boundary zone, as well extravascular in the lesion core zone.[6](#ana25458-bib-0006){ref-type="ref"} To provide evidence for the PAI‐1--dependent impairment of fibrinolysis after TBI, we performed intravital microscopy, which showed a strong reduction of microthrombi formation in the pericontusional brain tissue of mice treated with a PAI‐1 inhibitor.

The beneficial effects we observed on brain lesion volume were supported by less neuronal cell death as evaluated by TUNEL staining in the dentate gyrus, a region highly sensitive to hypoxia.[43](#ana25458-bib-0043){ref-type="ref"} These results support an effect mediated by improved cerebral perfusion as an underlying mechanism to limit secondary brain in the early phase after brain injury. Recently, Xia et al showed that the lack of tPA in knockout mice impedes long‐term recovery of white matter and neurological function after TBI, which was restored by recombinant tPA through intranasal application without increasing intracerebral hemorrhage volumes.[8](#ana25458-bib-0008){ref-type="ref"} These findings suggest that genetic PAI‐1 deficiency or pharmacologic PAI‐1 blockade may also have a direct effect on the structural and functional integrity of white matter, with postinjury compensatory sprouting in corticofugal projections occurring through the reestablished tPA activity.

Interestingly, current trauma guidelines recommend the administration of tranexamic acid in patients with severe multiple injuries to enhance clot formation and strength, and to prevent overshooting fibrinolysis. This recommendation is based primarily on the CRASH‐2 trial (Clinical Randomization of an Anti‐fibrinolytic in trauma patients with Significant Hemorrhage), which showed a reduction in the risk of death from major bleeding by tranexamic acid in multiple trauma patients.[55](#ana25458-bib-0055){ref-type="ref"} In our experimental setting, we focused on isolated brain injury, which was not complicated by additional injures or intracerebral hemorrhage. Therefore, our data and results should not be compared to a setting of major bleeding with acquired coagulopathy. Approximately 46% of TBI patients develop intracranial bleeding, mostly within 24 to 48 hours after injury.[56](#ana25458-bib-0056){ref-type="ref"} Therefore, in humans, it is not clear whether patients with isolated head injury benefit from the routine administration of tranexamic acid (see Nishida et al for review[57](#ana25458-bib-0057){ref-type="ref"}). To investigate this question, the CRASH‐3 trail was initiated with a focus on tranexamic acid in TBI patients.[58](#ana25458-bib-0058){ref-type="ref"} Presently, the trial is recruiting, but hopefully it will be completed by 2020.

In our experiments, we screened for the macroscopic signs of major intracerebral bleeding and for signs of intraparenchymal bleeding in histological slides. Neither PAI‐1--deficient mice nor animals treated with PAI‐1 inhibitors presented with any signs of bleeding at 24 hours or 5 days after insult. We cannot rule out the presence of microhemorrhage. However, we observed in some animals extravasal platelet signals (CD41) in immunohistochemistry. This may present a histological correlate of microhemorrhage or a histologic artifact from the perfusion fixation step.

Furthermore, the cerebrovascular expression of PAI‐1 was not characterized by Western blotting or immunohistochemistry using negative controls such as tissue from PAI‐1--deficient animals. Therefore, we tested different commercial antibodies but failed to identify a specific PAI‐1 antibody. All the tested antibodies demonstrated strong signals in PAI‐1 knockout mice (data not shown); thus, we are not able to provide valid protein data. A further limitation of the present study is the use of mice to investigate fibrinolysis. The analysis of PAI‐1 blood activity suggested lower post‐traumatic PAI‐1 levels in vehicle‐treated animals. Although post‐traumatic PAI‐1 levels were significantly reduced by PAI‐039 compared with vehicle, we cannot rule out that 0.5% DMSO as a vehicle interfered with the blood levels or measurements, which may have introduced a systematic bias. In addition, species differences between humans and rodents regarding the coagulation system warrant future investigation to determine the role of fibrinolysis in human TBI.

*Conclusions* {#ana25458-sec-0027}
-------------

In summary, the present study provides the first evidence for post‐traumatic inhibition of tPA/uPA‐mediated fibrinolysis via the PAI‐1 pathway. In addition, this study provides data for a PAI‐1--dependent procoagulatory state in the early phase after brain injury, contributing in concert with other pathophysiological mechanisms to secondary brain damage. Therefore, it is crucial to maintain a tight balance between coagulation and fibrinolysis to prevent deleterious vascular occlusion and cerebral ischemia, as well as the progression of intracerebral bleeding. In cases without systemic coagulopathy or major bleeding, the pharmacological restoration of fibrinolysis via PAI‐039 may be a promising approach to balancing fibrinolysis and coagulation and to limiting secondary brain damage after TBI.
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